The putative role of the basal forebrain cholinergic system in mediating lesion-induced plasticity in topographic cortical representations was investigated. Cholinergic immunolesions were combined with unilateral restricted cochlear lesions in adult cats, demonstrating the consequence of cholinergic depletion on lesion-induced plasticity in primary auditory cortex (AI). Immunolesions almost eliminated the cholinergic input to AI, while cochlear lesions produced broad high-frequency hearing losses. The results demonstrate that the near elimination of cholinergic input does not disrupt reorganization of the tonotopic representation of the lesioned (contralateral) cochlea in AI and does not affect the normal representation of the unlesioned (ipsilateral) cochlea. It is concluded that cholinergic basal forebrain input to AI is not essential for the occurrence of lesion-induced plasticity in AI.
Introduction
Over the past two decades, increasing attention has been given to the role of the basal forebrain cholinergic system in cognition, attention, and plasticity. Various investigations have shown that manipulation of cortical acetylcholine (ACh), or of the cholinergic basal forebrain input to cortex, is associated with diverse behavioral, biochemical, and electrophysiological changes (for review, see Wenk, 1997; Wiley, 1997) . Recently, the role of the basal forebrain cholinergic system in modulating plasticity of topographic cortical representations (''maps'') of receptor epithelia has been examined. These investigations have shown that ACh is capable of modulating responses of cortical neurons and that manipulation of basal forebrain input to cortex can alter the receptive field properties of cortical cells and modify representations of receptor epithelia (for reviews, see Edeline, 2003; Gu, 2002; Rasmusson, 2000; Suga and Ma, 2003; Weinberger, 2003) . The present study investigates the role of the basal forebrain cholinergic system in lesion-induced reorganization in the primary auditory cortex (AI).
It is now well established that topographic cortical representations are modifiable under conditions of altered input in the mature brain (e.g., see Buonomano and Merzenich, 1998; Kaas, 2000) . One of the most striking examples of the capacity of adult sensory systems for modification is found in the changes induced in sensory cortex by restricted removal of peripheral input: lesion-induced plasticity (see also Gilbert, 1998; Kaas and Florence, 2001 ). In the mature auditory system, partial hearing loss caused by damage to a restricted region of the cochlea induces reorganization of the tonotopic representation of the lesioned cochlea in contralateral AI. Such tonotopic reorganization has been observed in numerous species, using a variety of lesioning techniques (Eggermont and Komiya, 2000; Kakigi et al., 2000; Rajan et al., 1993; Robertson and Irvine, 1989; Schwaber et al., 1993; Willott et al., 1993) .
In normal animals, manipulation of cortical ACh, or of the basal forebrain inputs to cortex, has been shown to produce complex effects, varying in magnitude and direction, on the responses of cortical cells (for research on the auditory system, see Edeline, 2003; Suga et al., 2002; and Weinberger, 2003) . When electrical stimulation of the basal forebrain is paired with tonal stimulation, the tuning of cells can be shifted toward the frequency of the paired stimulus (e.g., Suga and Ma, 2003; Weinberger, 2003) . Numerous studies have employed basal forebrain stimulation as a model to investigate learning-related plasticity, and it has been shown that the long-term pairing of basal forebrain and sound stimulation leads to substantial changes in the area of cortex responsive to the paired acoustic stimulus (i.e., to the topographic map; Kilgard and Merzenich, 1998; Mercado et al., 2001) . Similarly, plasticity in motor cortex associated with skill learning has been shown to be dependent on cholinergic inputs from the basal forebrain (Conner et al., 2005 (Conner et al., , 2003 . Although the relationship between learning-related and lesion-induced plasticity has yet to be elucidated, these observations strongly suggest a role for the cholinergic basal forebrain in lesioninduced plasticity.
The putative role of the cholinergic basal forebrain in lesion-induced plasticity is also supported by several studies investigating the effect of basal forebrain lesions on somatosensory cortical plasticity. In the adult cortex, excitotoxic lesions of basal forebrain have been found to eliminate plasticity associated with peripheral nerve transection (Webster et al., 1991) and with digit amputation (Juliano et al., 1991) . Although the nonspecific nature of excitotoxic lesions prevents unambiguous attribution of these effects to the cholinergic system, a role is clearly implicated. Similarly, plasticity associated with sensory deprivation in the adult barrel field (Baskerville et al., 1997; Sachdev et al., 1998) or somatosensory (Dupont et al., 2002) cortex is significantly reduced by eliminating or blocking cholinergic inputs to cortex. These observations suggest that the basal forebrain cholinergic system is likely to be involved in lesioninduced plasticity in AI, but this hypothesis has yet to be tested.
To investigate the role of the basal forebrain in lesioninduced plasticity in AI, the present study used discrete cholinergic-specific immunolesions combined with restricted unilateral cochlear lesions in adult cats. In the mature auditory system of the cat, plasticity of the type seen in AI following restricted unilateral cochlear lesions does not occur in the dorsal cochlear nucleus (Rajan and Irvine, 1998) , is at best limited in the inferior colliculus , and is fully manifest in the medial geniculate body (Kamke et al., 2003) . The observation that tonotopic reorganization in the auditory thalamus is analogous to that in AI and is much greater than that found in the auditory midbrain suggests that plasticity may be a property intrinsic to the corticothalamocortical circuit (Kamke et al., 2003) . In support of this contention, a recent study has shown that cholinergic modulation of thalamocortical and corticofugal activity plays an important role in experiencedependent plasticity in (mouse) auditory cortex (Yan and Zhang, 2005) . It was hypothesized that basal forebrain cholinergic inputs modulate corticothalamocortical activity following cochlear lesion and that these inputs are essential for lesion-induced tonotopic reorganization to occur. A preliminary report of some of this work has been presented in abstract form (M.R. Kamke et al., 2004, Australian Neuroscience Society, abstract) .
Results
Results are presented for two normal cats (i.e., with normal hearing; designated by the prefix ''N''), two cats with cochlear lesions (''CL'' cats), and five cats with combined basal forebrain and cochlear lesions (''BCL'' cats). Physiological data from six additional normal cats obtained in the course of this and other recent studies are used for comparative purposes. For the cats with cochlear lesions only, survival time (the length of time between cochlear lesioning and cortical mapping) was 49 and 62 days. For four of the basal forebrain-lesioned cats, which received cochlear lesions 14 days after immunotoxin injections, survival time ranged from 56-208 days. The remaining cat (BCL-3/07) received a cochlear lesion 160 days after immunolesioning, and AI was mapped 49 days later. Because cholinergic basal forebrain projections to AI are exclusively ipsilateral (Kamke et al., 2005) , immunolesioning was performed unilaterally in each cat, contralateral to the cochlear lesion. Plasticity was assessed by recording in AI on that side (i.e., ipsilateral to the basal forebrain lesion). One cat (BCL-3/06) received a right hemisphere basal forebrain and left cochlear lesion; all other BCL cats received a left hemisphere basal forebrain and right cochlear lesion.
Effect of Immunolesions on the Cholinergic Fiber Innervation of AI
The effect of immunolesions on the cholinergic cell population in basal forebrain has been summarized previously (Kamke et al., 2005) , and this effect is not considered in detail here as it alone does not adequately describe the effect of lesioning on the cholinergic innervation of AI. In brief, immunolesions typically eliminated cells expressing the p75 low-affinity nerve growth factor receptor in the ''target'' area (see Experimental Procedures) and reduced choline acetyltransferase (ChAT)-positive cells to 12%-33% of contralesional values. ChAT immunoreactivity in medial nuclei of ipsilesional basal forebrain, as well as in all of the contralesional basal forebrain, remained normal, and there was no gliosis or atrophy of noncholinergic cell populations outside of the immediate injection area.
To quantify the effect of immunolesions on the cholinergic innervation of auditory cortex, an intersect analysis was performed at standardized locations across physiologically identified AI. Because of the high background staining associated with the ChAT antibody in cortex, the density of cholinergic axons was determined with acetylcholinesterase (AChE) histochemistry (see Kamke et al., 2005) . The innervation pattern of AChE-positive fibers observed in both hemispheres of cats with cochlear lesions alone and in the hemisphere contralateral to the basal forebrain lesion in all immunolesioned cats (Figure 1 , left panels) was indistinguishable from that reported previously in normal cats (e.g., Avendano et al., 1996) .
In cats with cochlear lesions alone, there was no significant difference in the density of AChE-positive fibers across the nine locations sampled in AI contralateral to the cochlear lesion (Table 1) . Because AI ipsilateral to the cochlear lesion was not mapped physiologically, and because the location of AI varies across individual cortices (e.g., Reale and Imig, 1980) , fibers in the latter were counted only at the three locations corresponding to those at the middle of AI (rostrocaudally) contralateral to the cochlear lesion. It was found that in both cats with cochlear lesions alone there was no significant difference in the mean fiber density between ipsilateral and contralateral AI (see Table 1 ).
In cats with combined basal forebrain and cochlear lesions, there was a massive reduction in the density of AChE-positive fibers throughout AI ipsilateral to the immunolesion (Figure 1 , right panels). Although the most extensive reductions in fiber innervation were observed in AI, a marked reduction of AChE-positive fibers was also observed in adjacent cortical areas (cf. ipsilesional and contralesional area dorsal of suprasylvian sulcus in Figure 1A ; area labeled 1). In all cats, few fibers remained throughout the neural layers in most areas of AI ( Figure  1A , area labeled 2), although a relatively heavier innervation remained in some regions in some cats (Figures 1B and 1C) . Quantitative assessment of fiber density revealed that there was no significant difference in fiber innervations across the sampling locations (see Table 2 ), suggesting that basal forebrain lesions produced a relatively uniform reduction in cholinergic fibers across AI. In all cats the mean fiber density in ipsilesional AI was massively reduced compared to that in contralesional AI, and in four cases this reduction in AChE-positive fibers was 89% or more (Table 2) .
Because AChE has been associated with staining of ChAT-negative cells in some central nervous system structures, some of the AChE-positive fibers observed in cortex may have arisen from noncholinergic (potentially adrenergic) cells, and it is therefore possible that the preceding analysis underestimates the extent of cholinergic fiber depletion in AI. For this reason, the density of ChAT-positive fibers was quantified in the cat in which ChAT immunohistochemistry resulted in the best signalto-noise contrast (BCL-3/07). Performed at locations similar to those used to determine AChE fiber density, this analysis revealed a lower density of ChAT-than AChE-positive fibers in both ipsilesional (2.41 6 0.19 [mean 6 SE]) and contralesional (49.54 6 0.58) AI (cf. Table 2 ). While these differences in ChAT and AChE fiber density may be real, it is possible that the difficulty in resolving the finer, more weakly labeled ChAT-positive fibers may account for some of the discrepancy. Nevertheless, it remains valid to compare the relative reduction in fiber density estimated by the two markers, which for ChAT immunohistochemistry was 95.1%. This figure suggests that AChE histochemistry may have underestimated the extent of cholinergic fiber loss in AI of cat BCL-3/07 by up to 6.4%.
Tonotopic Organization in AI of Normal and Cochlear-Lesioned Cats
The tonotopic organization in AI of normal and cochlearlesioned cats has been detailed previously , and data are presented in this section to describe the analytic methods used and to illustrate the main effects in AI of cochlear lesioning. The frequency map of AI for one normal cat is presented in Figure 2A . In this figure, the characteristic frequency (CF; frequency with the lowest threshold response) of multineuron clusters is shown above each recording location, and isofrequency contours have been fitted to the CF data with an inverse-distance smoothing function (SigmaPlot 8; (A) Low-power photomicrographs (middle panels) show the location of higher-power images dorsal of suprasylvian sulcus (area labeled 1) and in AI (area labeled 2) contralateral and ipsilateral to the basal forebrain lesion. Scale bars, 500 mm (A, middle panels); 100 mm (A, area 1); 50 mm (A, area 2). (B and C) Photomicrographs show AChE-positive fiber innervation in normal AI (left panels) and in AI ipsilateral to the basal forebrain lesion (right panels) at similar cortical locations. Note that sections of ipsilesional AI that had a relatively denser residual fiber innervation were chosen from each cat. Scale bars, 100 mm. Mean fiber crossing density was derived from counts at nine locations in contralateral AI, and c 2 analysis revealed no differences in the fiber density across the sampling locations (p > 0.05). Mean counts in ipsilateral AI were derived from three locations and do not differ from those in contralateral AI; CL-3/10: t(10) = 1.19, p > 0.05; CL-3/11: t(10) = 0.74, p > 0.05 default values, exponent = 3). The physiological boundary of AI is typically indicated by a reversal or change in the tonotopic progression and is often associated with recording locations that are unresponsive to tonal stimulation (points labeled ''X'') or contain neuron clusters with broad (''B''), weak (''A''), and/or longer-latency responses. Where the boundary of AI was not determined unequivocally, the border line is shown as broken.
The individual CF data and isofrequency contours in Figure 2A illustrate the well-established caudalto-rostral, low-to-high-frequency organization in AI of normal cats. This tonotopic organization can also be illustrated by plotting CF as a function of rostrocaudal location across cortex. For this purpose, the locations of neuron clusters in AI were plotted relative to the 10 kHz isofrequency contour by measuring the distance between an individual neuron cluster and the 10 kHz contour along a line orthogonal to the predominant orientation of the (midfrequency) isofrequency contours. The resulting CF-distance relationship shown in Figure 2B illustrates the monotonic ascending progression of CF from caudal (negative distances) to rostral (positive distances) locations in AI described above (note that neuron clusters outside AI have been omitted from all CFdistance plots).
The tonotopic organization in AI of animals with highfrequency hearing losses is markedly different from that in normal animals. Previous studies have shown that there is a close correspondence in AI between the CFs of individual neuron clusters in response to stimulation of the contralateral and ipsilateral ears and that the representation of the ipsilateral (unlesioned) cochlea remains normal in cats with unilateral cochlear lesions . The deafening procedure used in the present study resulted in broad, high-frequency losses in cochlear sensitivity, which are illustrated by the compound action potential (CAP) audiogram for cat CL-3/11 in Figure 2D (shaded area shows normal mean 6 1 SD CAP thresholds). The frequency maps and CF-distance plot for this cat (Figures 2C and 2E) show that at caudal locations in AI there is a close correspondence between, and normal progression of, contralateral and ipsilateral CFs. Beyond a frequency of around 17 kHz, however, and continuing to more rostral locations in AI, there is a clear disparity between the contralateral and ipsilateral CF maps, such that while ipsilateral CFs progress in a near-normal fashion, contralateral CFs remain around 17-20 kHz (i.e., around the cochlear ''lesionedge'' frequency; cf. Figure 2D ). This pattern of frequency reorganization was also observed in CL-3/10 (data not shown) and typifies the changes seen in AI of adult animals with restricted unilateral hearing losses .
Tonotopic Organization in AI of Cats with Combined Basal Forebrain and Cochlear Lesions
In all cats with basal forebrain lesions, cochlear lesioning resulted in steeply sloping, broad high-frequency losses in cochlear sensitivity. As illustrated in the CAP audiograms for these animals in Figure 3 , losses in CAP thresholds of >20 dB over prelesion values, a boundary condition necessary to induce reorganization (Rajan and Irvine, 1996) , commenced between 16-24 kHz across cats. Although CAP thresholds at frequencies below the lesion-edge frequency were also somewhat elevated over prelesion values, only in cat BCL-3/06 were these thresholds greater than mean normal thresholds. Even in this case, however, such CAP thresholds were elevated by <15 dB above prelesion values.
The frequency organization in AI of cats with combined basal forebrain and cochlear lesions was determined from neural responses at 52-61 locations in auditory cortex, and the CF-distance plots for the responses in AI are presented in Figure 3 . In all these cats there was a normal tonotopic organization in caudal AI, illustrated at negative and lower positive relative distances by the normal CF progression for responses to both contralateral and ipsilateral stimulation. For responses to stimulation of the unlesioned (ipsilateral) ear, this CF progression continued in the normal fashion across AI of all cats. In contrast to this normal organization, the contralateral CF-distance plots flatten out in rostral AI (larger positive distances), and CFs vary over only a small range of frequencies. This effect is qualitatively indistinguishable from the expanded representation of lesion-edge frequencies observed in cats with cochlear lesions alone.
In order to investigate the nature of the changes seen in AI, it is necessary to differentiate those neuron clusters with a prelesion CF that has not changed (i.e., was at the lesion-edge frequency) from neuron clusters that have an altered CF as a result of the cochlear lesion. To make this distinction, multineuron clusters that had a contralateral and ipsilateral CF within 1.7 kHz were considered to be unchanged by the cochlear lesion For cortex ipsilateral to the basal forebrain lesion (contralateral to the cochlear lesion), c 2 analysis shows that there is no significant difference between fiber densities at the nine locations (six in BCL-3/03, see below) sampled in AI of each cat (p > 0.05). Reduction refers to the difference between mean fiber density in AI ipsilateral and contralateral to the basal forebrain lesion within each cat. a Note: histochemical solutions used in cat BCL-3/03 were weaker (35) than those used in all other cats, and because sections from the rostralmost locations in AI were not available, the ipsilateral mean is based on sampling from six locations in this cat.
(''original'' CF), while those with a contralateral and ipsilateral CF differing by more than this amount were considered to have a ''new'' CF. This criterion is based on the finding that in AI of normal cats the mean difference between contralateral and ipsilateral CFs is 0.04 6 0.64 kHz (mean 6 SD; data from Rajan et al., 1993) . Thus, a difference of greater than 1.7 kHz is statistically significant at the a = 0.01 level (two-tailed analysis; using the less conservative criterion of 0.05, three additional neuron clusters would have been classified as having a new CF). For purposes of this comparison, when a neuron cluster could not be assigned an ipsilateral CF, this CF was estimated from the ipsilateral isofrequency contours (necessary for 13%-32% of responses across cats).
The CFs of neuron clusters with a new contralateral CF, indicated by the lighter-colored circles in the CFdistance plots of Figure 3 , varied over a range of 4.1-6.1 kHz in four cats, and over a 9 kHz range in the remaining animal. As in cats with cochlear lesions alone, responses for which a CF could not be clearly defined were also observed in the region of AI deprived of its normal input by the cochlear lesion in these animals. For contralateral stimulation, three or fewer such responses were recorded in four of the animals ( Figure  3 ); of these, one neuron cluster in BCL-3/06 was located on the rostral border with the anterior auditory field, and the only such neuron cluster in BCL-3/05 had a predominantly binaural response (i.e., responded weakly or not at all to monaural stimulation of either ear, but strongly to binaural stimulation). In cat BCL-3/04, six contralateral neuron clusters in the region of changed frequency organization in AI could not be assigned a CF, and four of these, as well as one with a ''twin'' CF, were located along the dorsalmost line of penetrations made across auditory cortex. Although these neuron clusters were not excluded from AI by the criteria employed, it is likely that they were located in a non-AI or border area (potentially the dorsal field). One of the two remaining neuron clusters without a contralateral CF determination in this cat was located on the border of the anterior auditory field.
Although the pattern of reorganization in AI of cats with combined basal forebrain and cochlear lesions is indistinguishable from that observed in cats with cochlear lesions alone, it has been argued previously that a change in the frequency organization of AI following unilateral cochlear lesioning is not sufficient evidence for plasticity . Indeed, it is possible that a changed frequency organization of the type described could merely be a passive consequence of the removal of peripheral input. Because central auditory neurons typically respond over a broad range of frequencies at suprathreshold levels, a consequence of convergence from multiple ''frequency channels'' at these levels (e.g., Snyder and Sinex, 2002) , the new CF of a neuron cluster could simply reflect the most sensitive input remaining after the dominant input was removed . If this were the case, then the threshold at the new CF would be limited by the low-frequency slope of the prelesion frequency tuning curve and would increase systematically and relatively steeply as a function of ''distance'' from original (prelesion) CF (for details, see Rajan et al., 1993; Robertson and Irvine, 1989) .
To examine the manner in which thresholds at new CF varied, response thresholds were plotted as a function of change in CF (DCF), which was determined by subtracting contralateral CF from ipsilateral CF. For all cats with combined basal forebrain and cochlear lesions, thresholds of neuron clusters with a new CF were found to vary over a considerable range (Figure  4, circles) . This variation, however, does not resemble the systematic threshold increases predicted by the ''residual response'' hypothesis. The slope of linear regression lines fitted to these data (Figure 4, solid lines) does not differ significantly from zero for any of the cases (p > 0.05), confirming that thresholds do not increase as a function of change in CF.
The preceding threshold analysis does not take into account the fact that there was a loss in cochlear (CAP) sensitivity at frequencies below the lesion-edge frequency in some animals. These losses in sensitivity were greater for frequencies closer to the lesion-edge frequency (see Figure 3) , and because there was a range of new CFs across AI in each cat, losses in CAP sensitivity would differentially contribute to the thresholds discussed above. To account for this factor, losses in CAP sensitivity, defined as the (positive) difference between CAP threshold at new contralateral CF and mean normal CAP threshold at that frequency, were subtracted from the threshold data of individual neuron clusters (see Rajan et al., 1993) . This correction reduced thresholds by 0-30 dB, and the adjusted thresholds are presented in Figure 4 (crosses). It can be seen that following correction for losses in CAP sensitivity, the thresholds of neuron clusters still do not show a systematic increase as a function of change in CF. The slopes of regression lines fitted to these data also do not differ from zero (p > 0.05), indicating that the residual response hypothesis can be rejected.
To further investigate neural responses in the region of changed frequency organization in AI, the characteristics of multineuron clusters with new CFs in each cat were compared with those characteristics of neuron clusters in normal cats with the same CF range. The mean (6SE) thresholds for these comparisons are presented in Figure 5A , and they show that for both of the cats with cochlear lesions alone, and for four of the five cats with combined basal forebrain and cochlear lesions, there was a significant increase in mean thresholds compared to those in normal animals. When adjusted for losses in CAP sensitivity (see Figure 4 for details), only one basal forebrain-lesioned cat had a small, but significant, increase in mean threshold, while another cat from the same group had a mean threshold significantly lower than that in normal animals.
Latency and frequency selectivity of neuron clusters with a new CF in each cat were also compared to those characteristics in neuron clusters with the same CFs in normal cats. Latency was defined as the mean latency of the first spike to CF stimulation at 20 dB above threshold (CF-L 20 ), and frequency selectivity was determined by the Q 20 measure, defined as the CF divided by the frequency bandwidth of the response at 20 dB above threshold. Figure 5B shows that in the majority of cats there was no significant difference in the mean latency of neuron clusters with new CFs compared to those in normal animals. Small but significant differences (A) For cat N-2/01, the CF (kHz) is given above each penetration site on the frequency map, and isofrequency contours have been fitted to the CF data at 2.5 kHz intervals. Where a CF could not be defined, points are labeled X, A, and B (see Results for definitions), and the boundary of AI is shown as broken where it could not be determined unequivocally. (B) The frequency organization in AI is illustrated by plotting CF as a function of distance across AI, with distance aligned relative to the 10 kHz isofrequency contour. The low-to-high, caudal-to-rostral frequency organization in AI of normal cats is illustrated by the monotonic increase in CF as a function of relative distance in cat N-2/01. Note that neuron clusters Neuron(shorter latencies) were found in one cat from each of the lesion groups. Similarly, there was no consistent difference between frequency selectivity in lesioned and normal cats ( Figure 5C ), but a significant increase in frequency selectivity (decrease in mean Q 20 ) was observed in one cat from each of the lesion groups.
In summary, the response characteristics of neuron clusters in the region of AI deprived of its normal input by the cochlear lesion of cats with basal forebrain lesions are similar to those in cats with cochlear lesions alone, and to responses in normal animals. Responses are also similar to those reported previously in adult cats with restricted hearing losses , with the exception that a smaller range of CFs (1-2 kHz) was found in the region of changed frequency organization of most cats in that study. Although the reason for this discrepancy is unclear, it is important to note that one cat (of eight) in Rajan et al. (1993) also had a wider range of new CFs (5 kHz range) and that the range of new CFs in the present study were similar for cochlear-lesioned cats both with and without basal forebrain lesions (the latter having a 3.1 kHz and 7.4 kHz range). In all cats with basal forebrain lesions, a contralateral CF determination was possible for the vast majority of neuron clusters in the region of changed frequency organization in AI. Given that these cats were mapped at higher resolution than the normal cats or cats with cochlear lesions alone, the number of neuron clusters for which a CF determination could not be made does not appear abnormal. Thresholds of neuron clusters with new CFs were not explicable in terms of (prelesion) residual responses, and losses in CAP sensitivity appear to underlie much of the increase in threshold at new CF. Finally, mean latency and frequency selectivity measures do not show a systematic deviation from the corresponding values observed in normal animals.
Discussion
The results of this study strongly suggest that cholinergic basal forebrain innervation of auditory cortex is not required for lesion-induced frequency reorganization to occur in AI. Given the normality in AI of frequency representations below the lesion-edge frequency and in response to ipsilateral stimulation, the results also suggest that ACh is not necessary for the maintenance of normal tonotopic organization. It must be acknowledged that an alternative possibility is that the few cholinergic fibers remaining in AI were sufficient to enable lesioninduced plasticity. This could be the case if the basal forebrain cholinergic cells modulating plasticity were exclusively those few cells located more medially in the basal forebrain that were not targeted by our injections (Kamke et al., 2005) and/or were a subpopulation of cholinergic cells that do not express the p75 receptor. The possibility of an increase in the number or efficacy of ACh receptors could also be entertained (Gu and Singer, 1993) .
The conclusion that basal forebrain cholinergic input is not required for lesion-induced frequency reorganization in AI is supported by several observations. First, in all animals, immunolesions resulted not only in a massive overall reduction in AChE-positive fibers, but also rendered many regions of AI devoid of cholinergic inputs (see Figure 1) . Lesion-induced tonotopic reorganization involves a substantial area of AI, yet the ''patchy'' nature of the few enduring cholinergic fibers was not associated with a patchy reorganization in AI. In this context, there was also no difference in the nature of reorganization in animals whose reductions in cortical AChEpositive fibers ranged from 80%-92%. Second, it was shown that the extent of cholinergic fiber loss in AI was likely to have been underestimated, revealed in one animal by a 6.4% increase in fiber loss (from 88.7% to 95.1%) when ChAT immunohistochemistry was employed. Thus, for the four cats with AChE-positive fiber reductions of 89%-92%, it is likely that the actual density of cholinergic fibers was less than 5% of that of the unlesioned hemisphere. Finally, of these few residual cholinergic fibers observed in AI, it is possible that at least some of these fibers arose from cholinergic neurons intrinsic to cortex (Avendano et al., 1996) . Therefore, unless there is an almost complete redundancy in cholinergic inputs, it can be concluded that basal forebrain cholinergic input is not essential for lesioninduced plasticity to occur in AI.
This conclusion is at variance with that derived from studies of somatosensory cortical plasticity, in which depletion of cholinergic activity substantially less than that achieved in the present study has been associated with elimination of plasticity. Webster et al. (1991) reported that an average reduction in ChAT activity of 55% was associated with elimination of injury-induced plasticity in the hindpaw representation of the adult rat, while Juliano et al. (1991) found that AChE-positive fiber reductions of 73% or more were associated with the prevention of expanded patterns of metabolic activity following digit removal in adult cats. Similarly, plasticity associated with whisker pairing in adult rats has been shown to be significantly reduced following immunolesions that resulted in the reduction of cortical AChEpositive fibers by an average of 91% (Sachdev et al., 1998) and following immunolesions similar to those known to reduce cortical ChAT activity by 80% determined to lie outside of AI have not been included in CF-distance plots. (C) The frequency organization in AI of cat CL-3/11 is shown separately for stimulation of the contralateral (lesioned) and ipsilateral (normal) ear, and 2 kHz isofrequency contours have been fitted to the CF data. Shading of the 16-18 kHz (light shading) and 18-20 kHz (darker shading) frequency bands illustrates cochlear lesion-induced differences in the area of cortex devoted to the representation of these frequencies in response to contralateral and ipsilateral stimulation. (D) For cat CL-3/11, CAP thresholds prior to cochlear lesioning (prelesion) and for both ears at the time of cortical mapping (ipsilateral and contralateral) are shown. The shaded area gives mean normal 6 1 SD CAP thresholds from a large pool of cats (n > 50). (E) The abnormal nature of the contralateral frequency organization in rostral AI of cat CL-3/11 shown in (C) is also illustrated by the flattening out of the contralateral CF-distance plot at larger positive relative distances (i.e., at the lesion-edge frequency). Note that an idiopathic very high-frequency loss in ipsilateral CAP sensitivity is also associated with a flattening out of the ipsilateral CF-distance plot at higher frequencies in this cat. Points joined by a dashed line indicate a neuron cluster with two equally sensitive minima in its frequency tuning curve, and ''I'' indicates a neuron cluster that was inhibited. AES, anterior ectosylvian sulcus; PES, posterior ectosylvian sulcus; SSS, suprasylvian sulcus. For each cat (identified in the CF-distance plots), cochlear sensitivity for the ipsilateral (normal) and contralateral (lesioned) ear is shown in the left column. These CAP audiograms reveal a steeply sloping, broad high-frequency loss in cochlear sensitivity in the contralateral ear. The frequency (Baskerville et al., 1997) . Behaviorally, reductions in ChAT activity in target cortical fields of 70%-90% have been shown to induce severe behavioral effects (Wrenn and Wiley, 1998) .
It is difficult, however, to compare the effects of cholinergic depletion on lesion-induced reorganization in AI with those reported in other sensory systems. The elimination of injury-related plasticity in the hindpaw representation following ibotenic acid lesions in basal forebrain (Webster et al., 1991) is complicated by the fact that destruction of noncholinergic cells may have added to, or could even account for, the changes. Furthermore, although the first stages of that plasticity develop within a few days, the effect of basal forebrain lesions was only investigated 4 days following nerve injury, leaving the possibility that plasticity was merely delayed. The prevention of expanded patterns of metabolic activity associated with digit removal following N-methyl-DL-aspartic acid lesions in basal forebrain (Juliano et al., 1991) is also confounded by the possibility that damage to noncholinergic neurons underlies the changes. In this context, it is known that ACh is not the only transmitter capable of modulating responses in cortex, and it could be argued that one or more neuromodulators may act in concert with ACh to promote plasticity (for review, Gu, 2002) . It seems unlikely, however, that there should be a large degree of redundancy such that various modulators serve the same functions in promoting plasticity (Weinberger, 2003) .
Comparisons between the present results and whisker pairing plasticity are also complicated, as the concurrent decrease in stimulation of the cut whiskers and increase in stimulation of the paired whiskers may involve mechanisms of plasticity different from those involved with removal of peripheral input alone. This limitation is similar to that in studies employing hypodynamiahypokinesia, in which ''deafferentation'' involves a decrease in sensory and motor activities rather than elimination by amputation or nerve section (Dupont et al., 2002) . Furthermore, the measures used to define whisker pairing-associated plasticity in these studies (response magnitude, rate, and latency) were derived at suprathreshold levels of stimulation, which is fundamentally different from those used to derive threshold (CF) maps (Edeline, 2003) . It is also noteworthy that the effects of cholinergic immunolesions in these studies were limited to postlesion survival times of 1 or 2 weeks, again leaving the possibility that plasticity may have merely been delayed.
One question arising from consideration of these somatosensory system data is whether input from the cholinergic basal forebrain might act to accelerate processes of cortical plasticity. Unfortunately, knowledge about the time course of lesion-induced plasticity in AI is limited, as the invasive procedures employed to obtain a detailed frequency map do not permit observation at various postlesion time intervals within one animal. It is known that cochlear lesion-induced plasticity in AI is not simply an immediate consequence of the removal of peripheral input (Calford et al., 1993; Robertson and Irvine, 1989) and that such plasticity is fully manifest 8 weeks postlesioning in adult cats  note that in the present study, one cat with a cochlear lesion alone was mapped 7 weeks postlesioning). In the present study, tonotopic reorganization in AI was found to be fully manifest in all cats with basal forebrain lesions when these animals were mapped R7 weeks after cochlear lesioning. The possibility remains, however, that cortical reorganization might have been slowed by the basal forebrain lesion.
The possibility that ACh is not required for lesioninduced reorganization to occur in mature sensory cortex does not question the involvement of ACh in other physiological modifications in cortex. It is well established that mature sensory cortices can adapt to longterm changes in sensory input and that learning-related topographic reorganization involves the presence of a ''reward'' signal (typically demonstrated by classical or associative conditioning). Numerous studies have shown that stimulation of the cholinergic basal forebrain augments experience-dependent plasticity and provides a sufficient reward signal for reorganization to occur in the absence of other reinforcers (see references in the Introduction). The present results indicate that ACh is not essential for lesion-induced plasticity in auditory cortex, and it could therefore be speculated that such plasticity does not require the presence of a reward signal, as there is sufficient impetus in the changes in extracortical stimulation alone to permit reorganization. On the other hand, cholinergic basal forebrain input to cortex may be necessary for learning-related plasticity because it permits shifts in the dynamic competition between inputs arising from similar stimuli or locations on the receptor epithelium.
In line with this argument, it is interesting to note that Sachdev et al. (1998) reported that while plasticity in the responses to stimulation of the paired whisker (surround-receptive-field) was eliminated by cholinergic depletion, potentiation of the responses to stimulation of the principal whisker (center-receptive-field) remained intact. Given that thalamocortical inputs appear to shape the center-receptive-field, while more complex patterns of cortical and thalamic inputs shape the surroundreceptive-field, their results support the notion that the cholinergic system may play different roles in different forms of plasticity. This contention is also supported by the recent finding that motor cortex lesions in the caudal forelimb area are associated with both cholinergic-dependent (rostral forelimb) and cholinergic-independent (vibrissa) reorganization of motor representations (Conner et al., 2005) . That the cholinergic system is capable of playing different roles in different forms of plasticity is supported by the observation that ACh can have diverse effects on neural responses, depending on the organization in AI for monaural stimulation of each ear is shown in the CF-distance plots to the right of the accompanying CAP audiogram. Neuron clusters designated as having a CF different from their original (prelesion) CF (i.e., those with a ''new'' CF) are indicated by the more lightly shaded circles. The normal low-to-high ipsilateral CF progression across AI in each plot contrasts with the flattening out of the contralateral CF plots around the lesion-edge frequencies (at larger positive distances). This effect is qualitatively indistinguishable from that observed in cats with cochlear lesions alone. Points joined by a vertical dashed line indicate neuron clusters with two equally sensitive minima in their frequency tuning curve. X, A, B, and I are defined in the Results section.
nature of the input to cortex (intrinsic or extrinsic, excitatory or inhibitory) and on the cholinergic receptor subtypes activated (Rasmusson, 2000 ; see also Kimura, 2000; Sarter and Bruno, 1997) .
In summary, the present study has demonstrated that cochlear lesion-induced frequency reorganization in AI is manifest in the near-absence of cholinergic inputs from the basal forebrain. To our knowledge, this is the first study to report on the effect of cholinergic-specific basal forebrain lesions on (structural) lesion-induced plasticity in mature sensory cortex. For this reason, disparities between the present findings and observations in other sensory modalities cannot (yet) be attributed to species or modality differences, or to the use of nonspecific neurotoxins in previous reports. It is concluded that while the basal forebrain cholinergic system appears to play a role in cortical plasticity associated with some forms of learning, basal forebrain cholinergic input is not required for lesion-induced reorganization to occur in mature AI.
Experimental Procedures
Nine adult domestic cats weighing 2.5-4.8 kg were used in this study. All surgical and experimental procedures were approved by the Monash University Department of Psychology Animal Ethics Committee and were performed in an electrically shielded, soundattenuating room. Animals were initially sedated with acepromazine (s.c., 0.5 mg/kg), and anesthesia was then induced either by sodium pentobarbitone (Nembutal; i.p., 45 mg/kg) in the mapping experiments or by Xylazil and Ketamine (i.m., 1.1 mg/kg and 20 mg/kg respectively) for the lesioning procedures. Anesthesia was maintained with supplementary doses of the inducing agent (i.v.), and Temgesic was administered during and following lesioning procedures (s.c., 0.01 mg/kg every 12 hours).
Cochlear Lesions and Frequency Mapping of AI Cochlear sensitivity was assessed by measuring the compound action potential (CAP) of the auditory nerve in response to pure-tone bursts, and restricted unilateral hearing losses were produced by advancing a glass micropipette into the high-frequency (basal) aspect of the basilar membrane (for detailed procedures, see Kamke et al., 2003) . The frequency organization of AI was mapped using multineuron (cluster) microelectrode recording techniques similar to those reported previously (Kamke et al., 2005; Rajan et al., 1993) . Briefly, neural responses were recorded using a glass-insulated, tungsten microelectrode (w2 MU at 1 kHz), and a calibrated digital photograph of the cortex was used to plot the location of electrode penetrations relative to surface vasculature. At each recording site, the electrode was advanced into the middle cortical layers until a clearly defined multineuronal, tone-evoked response was obtained. Responses to tone bursts were then obtained for a frequency 3 sound pressure level stimulation matrix, and the characteristic frequency (CF; frequency with the lowest threshold response) of a neuron cluster was determined from the spike count and mean (first Thresholds (circles) are shown for all neuron clusters with a new CF as a function of change in CF, determined by subtracting new contralateral CF from ipsilateral CF (thus giving a measure of ''distance'' from the original contralateral CF). Thresholds are also shown for the same neuron clusters following correction for losses in cochlear (CAP) sensitivity (cross hairs; see Results for details). Linear regression lines (SigmaPlot 8, default values) have been fitted to each set of threshold data, and the regression equations and correlation coefficients are indicated in each plot (equation for Threshold is given above that for the Adjusted Threshold). The slopes of these regression lines do not differ significantly from zero (p > 0.05), indicating that, in contrast to predictions from the residual response hypothesis, the thresholds in all cats do not increase systematically as a function of distance from original CF. spike) latency data contained in the response matrices. Sound generation and delivery procedures have been detailed previously (Kamke et al., 2003) .
Immunolesioning and Immunohistochemistry
Cholinergic-specific lesions of the basal forebrain were made using a Saporin-conjugated immunotoxin that targets the human p75 lowaffinity neurotrophic receptor (ME20.4-SAP; Advanced Targeting Systems, San Diego, CA). One microliter of immunotoxin (0.5 mg in sterile saline) was delivered under stereotaxic guidance at six locations in the basal forebrain through a micropipette, using procedures detailed previously (Kamke et al., 2005) . Injections targeted a region encompassing the putamen and globus pallidus nuclei and were made at the following coordinates: AP, +10; ML, +10; DV, 0 and +2; AP, +12; ML, +8.5; DV, 20.5 and +1.5; and AP, +14; ML, +7; DV, 0 and +2 (stereotaxic coordinates from Berman and Jones, 1982) . This target area has been shown to be the source of nearly all of the basal forebrain cholinergic projections to AI (Kamke et al., 2005) .
To assess the effect of immunolesioning, alternate sections (50 mm thick; 25 mm for cortex of BCL-3/06) of basal forebrain were reacted for the visualization of ChAT, p75, and Nissl, and AI sections were reacted for ChAT, AChE, and Nissl, using procedures reported previously (Kamke et al., 2005) . Immunoreactivity was revealed with a polyclonal anti-ChAT antibody at a dilution of 1:2000 (AB143; Chemicon, Temucla, CA) and with a monoclonal anti-p75 antibody at a dilution of 1:1000 (N5408; Sigma, St. Louis, MO or AB-N07; Advanced Targeting Systems). For AChE staining the procedure developed by Tago et al. (1986) was employed, which, along with control procedures and Nissl staining, was the same as that reported previously (see Kamke et al., 2005) . There was no staining of cells or cellular structures in any control sections.
Histological Analysis
Procedures for microscopy and preparation of images for publication were the same as those reported previously (Kamke et al., 2005) . To obtain an objective estimate of the cholinergic fiber innervation across AI, fiber density was quantified at nine locations corresponding to the intersections of a 4 3 4 grid superimposed over AI. These locations and the physiological boundaries of AI were determined in Nissl-stained sections from electrode damage and from electrolytic lesions made during the mapping procedure and were then used to locate the exact area for analysis on an adjacent section stained for AChE or ChAT.
At each of the locations in AI, fiber density was quantified by an intersect analysis similar to that developed by Stichel and Singer (1987) , which involved counting fibers crossing any line of a 2 3 5 grid in the eyepiece of the microscope (measuring 45 mm 3 112.5 mm at 3400 magnification). Sections were oriented with the longer aspect of the grid perpendicular to the cortical surface, and a vertical array of these grids was used to determine the number of fiber crossings through all cortical layers (neural depth was measured on the adjacent Nissl section). Single fibers were re-counted each time they crossed any gridline, except where such fibers clearly coursed parallel under a gridline. An index of the average density of AChE-positive fibers at each sampling location was then obtained by dividing the total number of fiber crossings throughout the cortical layers by cortical depth and by the length of the counting grid. Comparisons are made for each cat between mean (6SEM) response characteristics of neuron clusters in the region of AI deprived of its normal input by the cochlear lesion with neuron clusters from normal animals that have the same range of CFs. (A) Mean thresholds in normal cats are compared to mean thresholds of neuron clusters with a new CF in the lesioned cats, as well as to the same thresholds in lesioned cats following correction for losses in CAP sensitivity (see Figure 4 for details). (B and C) Comparisons are also made for latency of response and Q 20 (frequency selectivity), which are defined in the Results. Significance was assessed using the two-tailed Student's t test; *p < 0.05 and **p < 0.01.
